ABSTRACT The timing of flower initiation is a highly plastic developmental process. To achieve reproductive success, plants must select the most favourable season to initiate reproductive development; this in turn requires continuous monitoring of environmental factors and a properly response. Environmental factors which change in a predictable fashion along the year, such as light and temperature, are the most relevant in terms of selection of the flowering season. In Arabidopsis and more recently in a few other species, molecular genetic analyses are providing a way to identify the genes involved in the regulation of flowering time. From gene sequences it is possible to develop hypotheses regarding molecular function and to infer some of the molecular mechanisms involved in the environmental regulation of flowering time. In this paper, we summarize recent discoveries concerning the mechanisms which plants use to perceive and respond to major environmental factors (light and temperature) and their different components. We focus mainly on annual plants and especially on Arabidopsis because most of the available molecular and functional data come from this species. However, additional information arising from other plant systems is also considered.
modulate their growth and development with responses that can be in the short term such as growth response to ambient temperature or in long terms like the flowering response to vernalization. This complexity determines the need for different molecular mechanisms in the perception of environmental variation and the generation of different temporal responses.
Diversity is also broad from the side of the plant species. Generally, we can distinguish between plants that complete development within a year, called annual plants and plants that live more than one year, known as biennials or perennials. The first ones flower only once in their life cycle. However, among perennial plants there are species that flower only once in their life cycle (monocarpic) or species that flower every year, once maturity is reached (polycarpic). In annual species like Arabidopsis, flower initiation, defined as the morphological changes that make meristems to specify flower meristems, is immediately followed by the development of flowers. Therefore flower initiation can be considered the crucial regulatory point on which selection acts to ensure flowering and fruiting on time. Nonetheless, in polycarpic perennials is common to find a delay between flower initiation and flower development and therefore both, the time of floral meristem initiation and bud burst are probably targets of selective pressure. In addition, in polycarpic and monocarpic perennial plants, sensitivity or responsiveness to environmental signals must change along the development of the plant to prevent flowering before maturity is reached.
Despite the relevance of the environmental signals on flowering induction, the molecular mechanisms underlying signal perception, transduction, integration as well as responsiveness are generally unknown in most species. Only in model Arabidopsis plants and more recently in rice and a few other species, molecular genetic analyses are providing a way to identify some of the genes involved in those processes. Analyses of gene sequences and their molecular function are helping to infer some of the molecular mechanisms involved in the environmental regulation of flowering.
There have been numerous recent excellent reviews on the molecular genetics aspects of flowering time control in Arabidopsis (Mouradov et al., 2002; Simpson and Dean, 2002; Putterill et al., 2004; Boss et al., 2004) . To complement them, here we aim to summarize current discoveries on the mechanisms that plants use to perceive environmental signals (specifically light and temperature), to interpret and integrate those signals and to finally regulate flowering time. This review is mainly focused on annual plants and especially on Arabidopsis because most of the available gene functional data come from this species. However, additional information currently arising in other plant systems is also considered.
I. Genetic regulation of flowering time in Arabidopsis
Arabidopsis is an annual plant that germinates and flowers within a year. Arabidopsis is considered a facultative long day plant since all known wild type strains do not show any obligate photoperiod requirement to flower but their flowering is accelerated by long days (LD). Arabidopsis plants behave differentially under distinct light wave conditions, being red (R), far-red (FR) and blue (B) lights, the most important on flowering time regulation. Low ratios of R/FR light as well as B light have a promotive effect on flowering. Temperature also affects flowering time in several ways. Many Arabidopsis strains show different degrees of response to prolonged exposure to low non-freezing temperatures (0ºC-10ºC) during their vegetative development, treatment known as vernalization. The vernalization caused by low winter temperatures accelerates flowering in many Arabidopsis strains (Napp-Zinn, 1987) . Ambient temperature, above 10ºC, also affects flowering, with higher temperatures causing a moderate acceleration of flowering time (Westerman and Lawrence, 1970; Blázquez et al., 2003) . Finally, flowering time in Arabidopsis is also sensitive to mineral nutrition and to different types of biotic and abiotic stresses. However, these responses are so far poorly described and understood (Pigliucci et al., 1995; Pigliucci and Kolodynska, 2002) .
Genetic analyses in Arabidopsis have allowed the identification of many genes involved in the regulation of flowering time (Mouradov et al., 2002; Simpson and Dean, 2003; Putterill et al., 2004) . The results of these studies are consistent with a model in which several pathways regulate the expression of a few key genes known as flowering signal integrators whose main function is to regulate the expression of genes specifying flower meristem identity (Kardailsky et al., 1999; Moon et al., 2005) . Five partially independent pathways have been described based on the differential phenotype of flowering time mutants under distinct environmental conditions of temperature and photoperiod. These pathways are the photoperiod pathway, the autonomous pathway, the vernalization pathway, the light quality pathway and the gibberellin pathway (Figure 1 ).
The photoperiod pathway groups genes whose mutants show a late flowering phenotype under LD photoperiods that is not rescued by vernalization treatments. This phenotype suggests that their major role is floral promotion in response to the inductive LD photoperiods (Koornneef et al., 1991) . This pathway includes genes encoding photoreceptors such as FHA /CRY2, components of the circadian clock, clock associated genes such as GIGANTEA (GI ) (Park et al., 1999; Fowler et al., 1999) and the downstream transcriptional regulator CONSTANS (CO ) (Puterill et al., 1995) . Flowering signal integrators such as FT (Kardailsky et al., 1999; Kobayashi et al., 1999) and SUPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1 ) are targets of CO (Samach et al., 2000) . Most genes in this pathway show a circadian regulation of their expression (Fowler et al., 1999; Devlin and Kay 2000; Suarez-López et al., 2001) (Figure 1 ).
The autonomous pathway includes genes whose mutants show a photoperiod-independent late flowering phenotype that can be reverted by vernalization (Martínez-Zapater and Somerville, 1990) . These features indicate that the pathway is required to promote flowering independently of day length and its function is redundant with vernalization. Genes included in this pathway are FCA, FY, FPA, LUMINIDEPENDENS (LD ), FLD, FVE and FLK (Redei, 1962; Koornneef et al., 1991; Sanda y Amasino, 1996; Lim et al., 2004; Mockler et al., 2004) . Molecular analyses have revealed that they down-regulate the expression of FLC, a major flowering repressor in Arabidopsis, although, as described later, not in a linear fashion (Michaels and Amasino, 1999; Sheldon et al., 2000; Rouse et al., 2002) (Figure 1) . FLC reduces the expression of flowering signal integrators such as FT and SOC1 (Hepworth et al., 2002) (Figure 1) . Consistent with the role of the autonomous pathway in the repression of FLC, null flc mutations suppress the late flowering phenotype of autonomous flowering mutants ). In addition, some members of this pathway could participate in the integration of signals from environmental factors, such as ambient temperature (Blázquez et al., 2003; Kim et al., 2004) .
The vernalization pathway includes genes whose mutations block the acceleration of flowering caused by vernalization. This phenotype suggests a role in the establishment and/or maintenance of the vernalized state, which at the molecular level is reflected by suppression of FLC expression. Genes included in this pathway are, VERNALIZATION INDEPENDENT3 (VIN3 ) involved in the establishment of suppression of FLC expression (Sung and Amasino, 2004) and VERNALIZATION1 (VRN1 ) (Levy et al., 2002) and VERNALIZATION2 (VRN2 ) (Gendall et al., 2001) , that are required for maintenance of FLC suppression during the development of vernalized plants. The functional redundancy observed between the autonomous and vernalization pathways is explained at the molecular level by their coincidence on FLC repression (Figure 1) .
In addition to those three pathways, there are two other interacting pathways with a less defined function such as the gibberellin (GA) (Moon et al., 2003) and the light quality pathways (Cerdan and Chory, 2003) (Figure 1 ). Exogenous application of physiologically active GAs have a flowering promoting effect on Arabidopsis (Langridge, 1957) , whereas GA deficient and insensitive mutants have a late flowering phenotype (Wilson et al., 1992) . This late flowering phenotype is more extreme under non inductive SD than under LD suggesting a partial redundancy between the photoperiod pathway and the effect of gibberellins in flowering promotion (Wilson et al., 1992) . Gibberellins have been shown to positively regulate the expression of flowering signal integrator genes such as SOC1 and LFY (Blazquez and Weigel 2000; Moon et al., 2003) (Figure 1 ). Furthermore, photoreceptors like PHYB could directly regulate flowering as part of the shade avoidance syndrome by modulating the expression of the flowering signal integrator FT in a photoperiod-independent pathway mediated by the product of the PHYTOCHROME and FLOWER-ING TIME1 (PFT1 ) locus (Cerdán and Chory, 2003) .
Signals originating from these five flowering regulatory pathways are integrated at different levels by the set of integrator genes ( Figure 1) . FLC integrates signals from the autonomous and vernalization pathways ) and itself regulates two additional integrator genes, FT and SOC1, the expression of which also integrates signals from the photoperiod pathway gene CO (Samach et al., 2000; Onouchi et al., 2000) . In addition, SOC1 integrates signals from gibberellins (Moon et al., 2003) , whereas FT does so from PFT1 (Cerdan and Chory, 2003) and together are responsible for the activation of flower meristem identity genes, (Kardailsky et al., 1999; Samach et al., 2000) such as LEAFY (LFY ), APETALA1 (AP1 ), APETALA2 (AP2 ), CAULIFLOWER (CAL ) and FRUITFUL (FUL ). Furthermore, some of the later genes such as LFY could also integrate flowering signals from specific flowering regulatory pathways (Blázquez et al., 2002) . In addition, there must be an upper level of pathway interaction since different pathways integrate environmental signals mediated by the same photoreceptors or that are outputs of the circadian clock such as the photoperiod and the GA pathways (Blázquez and Weigel, 2002) (Figure 1 ).
II. Light effects on floral transition
Light is a complex environmental factor with multiple signal components such as light quality, light intensity, photoperiod and directionality which differentially modulate many aspects of plant development. Light is one of the most important factors influencing flowering time, light quality and photoperiod being the components with a more relevant effect. White light consists of different light wavelengths whose ratios show diurnal and seasonal variation and are strongly influenced by the plant canopy (Ballare, 1999) . The length of the light period (photoperiod) also shows seasonal differences with a specific pattern of annual variation in different latitudes. How plants are able to sense this environmental variation and use it to trigger specific developmental responses such as flowering is something that we are starting to understand in a few model systems such as Arabidopsis and rice.
Photoreceptor and light quality regulation of flowering time
The diversity of light wavelengths and intensities are sensed in plants by small families of specialized photoreceptors. Phytochromes and cryptochromes are the major photoreceptor families involved in light perception. Phytochromes belong to a family of chromoproteins bearing a linear tetrapyrrole chromophore that in Arabidopsis includes five homologous members, PHYA, PHYB, PHYC, PHYD and PHYE (Quail, 2002) . A general effect of phytochromes in flowering can be inferred from mutants hy1 and hy2, impaired in the synthesis of the chromophore of all phytochromes. These mutants show a severe early flowering phenotype independently of photoperiod (Goto et al., 1991) indicating that phytochromes generally function to repress flowering. The five Arabidopsis phytochromes show distinct but partially overlapping functions. The light labile PHYA is the most sensitive to FR light and phyA mutants display late flowering phenotype specially when plants are grown under SD photoperiod enriched with FR light, which suggests that the positive effect of FR light on flowering acceleration is mainly mediated by PHYA (Reed et al., 1994; Johnson et al., 1994) . The light stable phytochromes, PHYB to PHYE, are more sensitive to R light. The main effect of R light on flowering repression seems to be mediated by PHYB, since mutants in this gene show early flowering phenotype regardless of photoperiod conditions. PHYD and PHYE would function redundantly with PHYB on flowering repression, since phyD or phyE mutations do not cause early flowering but enhance the early flowering phenotype of phyB plants (Halliday et al., 1994; Aukerman et al., 1997; Devlin et al., 1998 Devlin et al., , 1999 . In contrast, phyC mutants flower early under SD conditions but at the same time as wild type under LD conditions suggesting a PHYC role in photoperiod responsiveness (Monte et al., 2003) . Nevertheless, this PHYC role might be dependent on PHYB activity since double mutants phyC phyB flower as early as phyB (Monte et al., 2003) .
Blue/UV-A light photoreceptors, known as cryptochromes, are flavoproteins with similarity to bacterial DNA photolyases bearing flavin and pterin chromophores. In Arabidopsis, these proteins are encoded by two genes CRYPTOCHROME1 (HY4/CRY1 ) and CRYPTOCHROME2 (FHA/CRY2 ) (Ahmad and Cashmore, 1993; Lin et al., 1998) . The effects of blue light on flowering time acceleration are mainly mediated by CRY2, since cry2 mutants show late flowering phenotype under different photoperiodic conditions (Lin, 2000) . However, CRY1 appears to function redundantly with CRY2 in the regulation of flowering time since cry1 cry2 double mutants flower much later than cry2 plants (Mockler et al., 2003) . Thus, flowering acceleration promoted by far-red and blue lights are mediated by far red photoreceptor PHYA and blue light photoreceptors CRY1 and CRY2 (Figures 1 and 2 ).
Phytochromes and cryptochromes are found in all organs throughout the plant life cycle (Ahmad and Cashmore, 1993; Lin et al., 1998; Sharrock and Clack, 2002) . However, leaves are likely the major site for light detection, given the larger detection surface. tion with different flowering regulatory pathways at several levels (Figures 1 and 2) . Apart from the participation of photoreceptors in the photoperiod pathway (described below) light quality could also affect flowering time through a photoperiod independent pathway. Indeed, compact plant canopies or high plant densities produce a decrease in the ratio of red to far-red light reaching the shadowed plants. This change in light quality triggers a series of developmental responses, including flowering acceleration, aimed to increase light competition ability and known as the shade avoidance syndrome (Ballare, 1999) . Shade avoidance responses are mediated by phytochromes and particularly by PHYB since phyB mutants are early flowering and show a constitutive avoidance phenotype (Halliday et al., 1994) . Mutations at the PFT1 locus cause a slight delay in flowering time and suppress the early phenotype of phyB mutants (Cerdán and Chory, 2003) . In addition pft1 phyB double mutants abolish the increased levels of expression of FT observed in phyB mutants under LD and SD conditions indicating that PHYB requires PFT to regulate FT. In contrast CO expression is not affected in pft mutants, indicating that the effects of PFT1 on flowering time are mediated directly by FT and independently of the photoperiodic pathway (Figure 2 ). PFT could also act downstream of PHYA based on the non additive late flowering phenotype of pft phyA double mutants, with the effect of PHYA being mediated through its interaction with PHYB (Mockler et al., 2003) . Thus, expression of the flowering signal integrator FT could be modulated by the perception of light quality by phytochromes Different light wavelengths are perceived by distinct photoreceptors, which act on the regulation of flowering time at several levels. Photoreceptors entrain the circadian clock (light grey box); CCA1 and LHY could be activated by the complex PHYB-PIF3. Once these genes are translated CCA and LHY could bind TOC1 and ELF4 promoters repressing their expression. The latter genes activate LHY and CCA by an unknown mechanism. GI is one of the clock outputs, although may also act as an input and activates CO. CO is ubiquitinated and degraded by proteasome, photoreceptors playing a key role in this process. PHYB promotes degradation, whereas PHYA, CRY1 and CRY2 inhibit this process. CO directly activates the expression of FT and SOC1. FT is activated by PFT1 independently of photoperiod but depending on red light in a PHYB mediated mechanism. Thin arrows indicate activation, thicker arrows indicate clock entraining, bars depict repression and purple U box represent ubiquitin.
At the subcellular level, GFP fusions to phytochromes have revealed that PHYA and PHYB are located in the cytoplasm during dark periods and move to the nucleus in response to red light . In contrast, PHYC, PHYD and PHYE seem localized in the nucleus under any light regime (Kircher et al., 2002) . Similarly, based on protein fusion studies and cell fractionation analyses, CRY2 has been found to be constitutively located in the nucleus whereas CRY1 is nuclear located primarily in darkness (Guo et al., 1999; Kleiner et al., 1999; Mas et al., 2000) .
Phytochrome and cryptochrome mediated light effects on flowering time result from the interac-through a regulatory pathway mediated by PFT independently of photoperiod.
Photoperiodic regulation of flowering time
Photoperiod is the length of the light period of the daily light/dark cycle and it is one of the major environmental factors regulating flowering time. Plants are classified in terms of their photoperiod responses in LD, SD and neutral species. Some plants flower only or faster when photoperiod is shorter than some critical value (SD plants like rice), other when photoperiod is longer (LD plants as Arabidopsis) while certain plants flower independently of day length (neutral plants). Plants use the photoperiod length to sense seasonal progression along the year by measuring the daily variation through their internal circadian rhythm. Thus, plants translate circadian into circannual information.
Circadian rhythms, with a period length close to 24 hours are commonly observed in many plant processes such as leaf movement or stomata aperture (Salome and McClung, 2004) . These rhythms are generated by an internal mechanism, which is organized in three components: The clock core or central oscillator that generates the 24h timing mechanism, the input pathways that synchronise the clock oscillator to daily cycles of light and dark and the output pathways that regulate specific processes (Strayer and Kay, 1999) . Two basic Arabidopsis observations support a major role of circadian rhythms in the photoperiodic regulation of flowering. First, most mutants affected in the circadian clock show flowering time alterations in response to photoperiod (Schaffer et al., 1998; Wang and Tobin, 1998; Strayer et al., 2000; Doyle et al., 2002) . Second, most Arabidopsis genes involved in the photoperiod flowering pathway show a circadian regulation of their expression (Figure2) (Fowler et al., 1999; Kardailsky et al., 1999; SuarezLópez et al., 2001) .
The core of the circadian oscillator is based on the function of at least four proteins, CIRCADIAN CLOCK ASSOCIATED1 (CCA1), LATE ELONGATED HYPOCOTYL (LHY), TIMING OF CAB1 EXPRESSION (TOC1) and EARLY FLOWERING4 (ELF4). LHY and CCA1 are MYB transcription factors and both proteins as well as their corresponding mRNAs show circadian expression with a peak at dawn. Furthermore, ectopic expression of these proteins causes a severe reduction of each other expression (Schaffer et al., 1998; Wang and Tobin, 1998) . TOC1 shares similarity to bacterial response regulators while ELF4 has no homology with proteins of known function. Their mRNAs are also expressed in a circadian fashion but, unlike LHY and CCA1 mRNAs, they peak at dusk. In addition, toc1 and elf4 mutants show a reduction of LHY and CCA1 mRNAs levels (Strayer et al., 2000; Doyle et al., 2002) . Together these data have led to a model in which the four proteins create a feedback loop of approximately 24h (Alabadi et al., 2001) . CCA1 and LHY expression is higher during the morning, translation of LHY being also enhanced by light (Martinez-Garcia et al., 2000) and CCA1 and LHY repress the expression of TOC1 and ELF4. CCA1 and LHY bind TOC1 promoter in vitro through a short sequence called evening element (Harmer et al., 2000) , which is also found in the ELF4 promoter, although CCA1 and LHY binding has not been demonstrated in this case. Since TOC1 and ELF4 are required for normal expression of CCA1 and LHY, their reduction is followed by a decrease in CCA1 and LHY mRNA levels. At the evening, LHY and CCA1 protein levels are very low allowing TOC1 and ELF4 mRNA levels to rise again. The increased expression of these evening genes acts to positively regulate the expression of CCA1 and LHY, thus closing the regulatory loop. The mechanism underlying CCA1 and LHY activation by TOC1 and ELF4 is still unknown. Mutations in these genes cause a loss of circadian rhythms or alterations in the circadian period and consequently reduction of photoperiodic flowering responses (Schaffer et al., 1998; Wang and Tobin, 1998; Strayer et al., 2000; Doyle et al., 2002) .
Input pathways synchronize the clock to natural daily light-dark cycles and are mediated by photoreceptors. Phytochromes, cryptochromes and one additional group of putative blue-light receptors, the ZTL family, are predicted to participate in clock entrainment with different involvement depending on wavelength and light intensity. At least four of the five phytochromes and the cryptochromes are involved in clock entrainment. PHYA is required for clock adjustment under very low and high light intensity conditions, whereas PHYB, PHYD and PHYE function under high intensity (Somers et al., 1998; Kay, 2000: Yanovsky et al., 2000) . On the other hand CRY1 and CRY2 also function at low or intermediate light intensities (Somers et al., 1998; Devlin and Kay, 2000) . In Arabidopsis, PHYA and CRY2 seem to be the major photoperiodic light receptors (Yanovsky and Kay, 2002 ), but other species show different light preferences. For example, the main light photoperiod receptor in rice is PHYB (Izawa et al., 2002) , while it could be PHYA in pea (Weller et al., 2001) . Nonetheless, Arabidopsis phyA phyB cry1 cry2 quadruple mutants are still sensitive to the light signals regulating the clock (Yanovsky et al., 2000) suggesting that other photoreceptors control clock entrainment. This could be the role of the proteins ZTL, FKF1, LKP2 of the ZTL family, which contain PAS/LOV and F-box domains as well as Kelch repeats : Nelson et al., 2000 : Schultz et al., 2001 , Jarillo et al., 2001 ). Mutations in the corresponding genes lead to a late flowering phenotype under LD but not under SD conditions and abolish a variety of circadian rhythms. These proteins could function as photoreceptors in clock entraining through phytochrome and cryptochrome signaling pathways since ZTL interacts in vitro with PHYB and CRY1 (Jarillo et al., 2001) .
Which are the photoreceptor-mediated mechanisms responsible for clock entrainment? Some of these mechanisms could involve the direct interaction of photoreceptors with components in the transcriptional regulatory machinery of core clock components. In this way, it has been shown that red light induces PHYB activation and relocation to the nucleus where it interacts with PHYTOCHROME INTERACTING FACTOR3 (PIF3) in a reversible fashion (Ni et al., 1999) . Recent evidence indicates that this PHYB-PIF3 interaction is followed by a rapid degradation of the PIF3 protein (Bauer et al., 2004) , which is a basic helix-loop-helix transcription factor that can bind specifically DNA elements present in several light regulated genes including CCA1 and LHY (Martínez-García et al., 2000) . Other genes such as GI, ELF3 and TIC could also participate in light signaling to the clock. Mutants at either EARLY FLOWERING 3 (ELF3 ) or TIME FOR COFEE (TIC) are early flowering and show alterations of circadian rhythms. ELF3 has also been shown to interact in vitro with PHYB, suggesting that ELF3 may act attenuating the light input provided by PHYB (Liu et al., 2001) . Double mutants tic elf3 completely eliminate circadian rhythmicity of CAB (Hall et al., 2003) . Thus, ELF3 and TIC have been proposed as components of the bridge between photoreceptors and the clock. In addition, ZTL-like photoreceptors contain F-box domains involved in targeting proteins for degradation (Kipreos y Pagano, 2000) and kelch repeats which mediate specific proteinprotein interactions (Adams et al., 2000) . This structure suggest that they could participate in clock entrainment through the light dependent targeting of clock components for degradation Yanovsky and Kay, 2003; Imaizumi et al., 2003) (Figure  2 ).
The circadian clock generates a series of rhythmic outputs, one of them being involved in the photoperiod regulation of flowering. Genetic analysis has shown that within the photoperiod pathway, GI activates CO, which then activates FT (Figure 2 ). GI encodes a nuclear protein (Huq et al., 2000) whose molecular function has not yet been established, but its expression shows a circadian pattern peaking at the middle of the light period. Mutations in GI cause a late flowering phenotype under LD conditions and a reduced expression of CCA1 and LHY (Park et al., 1999; Fowler et al., 1999) . In addition, the expression pattern of GI is altered in lhy cca1 double mutant background (Mizoguchi et al., 2002) . Nonetheless GI seems not to be a member of the clock since a variety of clock regulated responses are not affected in gi mutants. In contrast, its LHY and CCA1 expression dependence suggests that GI is more likely part of the clock output.
The effects of GI on flowering time are mediated by CO since gi mutants show reduced levels of CO mRNA compared to wild type and overexpression of CO compensates their late flowering phenotype (Suárez-López et al., 2001) . CO encodes a protein containing two B-type zinc-finger domains (Puterill et al., 1995) and its expression is under circadian regulation. Similar to gi, co mutants do not show alterations of clock regulated responses like CAB1 expression (Ledger et al., 2001) , supporting the role of CO as a clock output. Circadian regulation of CO expression results in CO mRNA levels peaking during the night under SD conditions but at dusk when plants are grown under LD inductive photoperiods. In these conditions, CO directly activates the expression of the floral integrators FT (showing circadian regulated expression peaking at dusk, like CO ) and SOC1 (peaking at dawn) (Kardailsky et al., 1999; Kobayashi et al., 1999; Samach et al., 2000) (Figures 1 and 2) . The molecular mechanism of FT action is not yet defined but, once FT reaches a certain threshold, flower meristem identity genes are transcriptionally activated promoting the switch from vegetative to reproductive development at the apex (Kardailsky et al., 1999) (Figure 1) .
Overall, the CO and GI proteins of the flowering photoperiod pathway work as a circadian clock regulated output pathway controlling the expression of flowering signal integrator genes under inductive photoperiods. But how this pathway measures the length of the day period and activates transcription under LD? Two different models have been classically proposed to explain how plants measure seasonal progression (Figure 3 ). The first model was proposed by Bünning (1936) , who postulated that an internal clock leads to an endogenous rhythm with a light sensitive phase and that photoperiodic responses are promoted (in the case of LD plants) or repressed (in the case of SD plants) when the light part of the day coincides with the sensitive phase of this endogenous rhythm (Figure 3 ). In contrast with this external coincidence model, Pittendrigh (1960) hypothesized the internal coincidence model. This model proposes the existence of two endogenous rhythms entrained by light to ensure that they coincide under inductive conditions (Figure 3 ). In Arabidopsis, high levels of CO expression only have effects on FT expression and flowering induction when occurring during the light period. Furthermore, plants ectopically expressing CO, where its transcription is not clock dependent, still maintain certain rhythmicity in CO protein levels suggesting that there is an additional rhythmic factor regulating the CO level (Valverde et al., 2004) . In fact, CO protein is more effectively ubiquitinated and degraded by the proteasome complex in the dark than under light. It has been shown that photoreceptors play a key role in this regulation, different photoreceptors acting in antagonistic ways. CRY1, CRY2 and PHYA appear to stabilize CO protein under blue and far-red light, while PHYB activates CO degradation under red light (Valverde et al., 2004) . Therefore light and clock act on CO level, whose regulation integrate both signals to measure photoperiod (Figure 2 ). The role of CO in photoperiodic promotion of flowering supports the external coincidence model, since flowering occurs when CO expression overlaps with the inductive light period that stabilizes CO protein. Thus, Arabidopsis plants discriminate flowering inductive photoperiods (LD) from repressive ones (SD) at the level of CO activity.
Flowering time regulation in short day plants
The long photoperiodic conditions that promote flowering in Arabidopsis have opposite effect in SD plants such as rice. This contrasting situation raised the question of whether plant species with different photoperiod requirements to flower would use the same or different molecular mechanisms for photoperiod detection and response. The answer to this question has been provided by the results of an important effort to map and clone the major QTLs responsible for flowering time in rice (or heading date as they are known in rice). The first three genes identified, Heading date1 (Hd1 ), Heading date3a (Hd3a ) and Heading date6 (Hd6 ) are homologues of the Arabidopsis CO (Yano et al., 2000) , FT (Kojima et al., 2002) and CK2, a kinase regulating circadian clock function in Arabidopsis (Takahashi et al., 2001) . Rice phytochromes are also involved in photoperiodic control of flowering, as shown by the photoperiod insensitive early flowering displayed by rice mutants in chromophore biosynthesis. Furthermore, OsGI, the rice GI homologue, regulates flowering time in response to photoperiodic conditions, since lines with reduced levels of OsGI mRNA show a delayed flowering under inductive SD conditions whereas under LD conditions they flower only slightly later than wild type (Hayama et al., 2003) . Thus, rice shares common components with Arabidopsis in the control of flowering in response to photoperiod but these components regulate an opposite photoperiodic response.
Several studies have shown that rice Hd1, as Arabidopsis CO, shows circadian regulation of its expression, with a peak at dusk under LD conditions and a peak in the middle of the night under SD conditions (Izawa et al., 2002, Kojima et al., 2002 and  regulation is the basis of the generation of the circadian rhythm and the output circadian pathways. Post-transcriptional regulation at the level of protein stability appears related to photoreceptor mediated responses. It has been described at the level of the input pathways entraining the clock where protein ubiquitination and proteasome mediated degradation has been suggested. Stabilization of CO protein is also part of photoperiod measurement by providing the molecular component for the light sensitive phase. The light stability of photoreceptors has been also associated with flowering time variation in different plant species. In Arabidopsis this is the case of the B light photoreceptor CRY2, which is light labile and rapidly disappears when plants are exposed to B light (Ahmad et al., 1998; Lin et al., 1998) . EDI, a naturally occurring allele of CRY2 present in the Cvi strain, strongly affects the photoperiodic regulation of flowering. This CRY2-Cvi allele carries one amino acid substitution that confers higher light stability, allowing its faster accumulation during the night. In Arabidopsis CO shows circadian regulation of expression, accumulating at midnight in SD and at dusk in LD; the rice CO homologue, Hd1 is expressed in a similar fashion. In Arabidopsis under SD conditions, CO high midnight levels do not activate FT expression whereas high levels of Hd1 activate the expression of the rice FT homologue Hd3a, which promotes flowering. Finally in Arabidopsis the coincidence of high CO levels with the light period (under LD) activates FT expression which promotes flowering. In rice, high levels of Hd1 in the light period suppresses Hd3a expression inhibiting flowering. Hayama et al., 2003) (Figure 4) . Furthermore, as FT in Arabidopsis, Hd3a is a strong flowering promoter in rice, since 35S::Hd3a transgenic plants show an extreme early flowering phenotype (Kojima et al., 2002) that is photoperiod independent. However, in contrast to Arabidopsis CO, Hd1 shows a dual role in the regulation of Hd3a expression, repressing under LD conditions and promoting under SD conditions. Consistently, photoperiod sensitivity1 (se1 ), a mutant of Hd1, shows early flowering under long days and late flowering under short days (Yano et al., 2000) , which correlated with elevated mRNA levels of Hd3a under LD conditions and decreased Hd3a mRNA levels under SD (Izawa et al., 2002 , Kojima et al., 2002 . Thus, this mechanism maintains a strong parallelism with Arabidopsis (Figure 4) . Hd1 peaks at dusk under long days, resulting in a signal that inhibits Hd3a mRNA expression and repress flowering. However, the same molecular elements lead to opposite responses under LD and SD by changing the CO /Hd1 effect on FT /Hd3a function, indicating that other light regulated components participate in this process. One such component might be the recently isolated Early heading date 1 (Ehd1 ), which acts as another SD promotor of Hd3a. Ehd1 encodes a B-type response regulator not found in Arabidopsis that functions independently of Hd1 (Doi et al., 2004) . Further analysis of the regulatory mechanisms in other plant species with different photoperiodic responses will reveal the degree of conservation of the photoperiod flowering pathway in the plant kingdom.
Molecular mechanisms in the light regulation of flowering time
A combination of transcriptional and post-transcriptional regulation is used by plants to control flowering responses to different light components. Transcriptional (Hanumappa et al., 1999) , confirming the relevance of protein stability in flowering responses to light.
III. Temperature effects on floral transition
Light quality and day length information are not enough for the plant to ensure its developmental adjustment to environment and, for many species, temperature constitutes a major predictable environmental factor regulating flowering time. As light, temperature also shows diurnal and seasonal variation along the year and this variation not only conditions plant growth rate but regulates the timing of many developmental transitions such as germination, bud dormancy and bursting, or flowering initiation (Henderson et al., 2003) . Regarding flowering time, both ambient temperature and long time exposure to low winter temperatures have been shown to have an important effect on flowering time (Henderson et al., 2003) . In many species from temperate climates a requirement of low winter temperatures ensures spring flowering. This prolonged chilling treatment required to promote or accelerate flowering is known as vernalization (Chouard, 1960) . Vernalization effects on flowering are quantitative, so longer cold exposures promotes flowering more than shorter ones till the response is saturated. Furthermore, after vernalization, plants do not necessarily initiate flowering but acquire the competence to do so (Chouard, 1960) .
Temperature is perceived in the entire plant body (Lang, 1965) . It has been demonstrated that plant cells react to coldshock by an immediate rise of free cytoplasmic calcium (Knight et al., 1991) , sensing cooling rates rather than absolute temperature (Plieth et al., 1999) . Furthermore the rising of free cytoplasmic calcium is attenuated by repeated short stimuli. This feature implies that this first signal is only adequate for short-term responses. However several cold-shock responses, such as the acquisition of freezing tolerance or the vernalization response, require long exposure periods (several days to acquire freezing tolerance and several weeks or months to acquire a vernalized state). Thus, medium and long-term responses would require a more lasting mechanism of low temperature sensing that so far is unknown.
Regarding vernalization, although all plant cells can sense and react to low temperatures, studies involving grafting and localized chilling treatments have shown that only cold exposure perceived at the meristems can generate a vernalization response, implying a requirement for active cell proliferation (Lang, 1965; Wellensiek 1962) . Once meristems have been exposed to prolonged chilling temperatures, they "remember" this exposure by acquiring a vernalized state that is stably maintained through mitosis, suggesting the existence of epigenetic mechanisms to generate this memory. For instance, explants regenerated from cold exposed tissues of Lunaria biennis will only flower when they originate from tissues containing dividing cells (Wellensiek, 1964) . Similarly, when vernalized apices from the biennial plant Hyoscyamus niger were grafted to a non-vernalized plant, they maintained their vernalized state and were able to flower when plants were exposed to inductive photoperiodic conditions. In contrast, nonvernalized apices grafted to a vernalized plant were not able to initiate flowering under the correct photoperiods (Lang, 1965 ).
The molecular mechanisms by which plants are able to remember past exposures to low temperatures are starting to be uncovered in different plant species.
Molecular basis of the vernalization requirement
Many species include spring or summer-annual genotypes, which flower rapidly without a vernalization requirement and genotypes requiring exposure to low winter temperatures to flower in the spring, which are known as winter annual or biennials. This vernalization requirement can be more or less absolute generating true biennial types or late flowering types with a positive vernalization response. A wide variation for vernalization requirement is found within Arabidopsis, where it is distinguished between summer-annual strains (most laboratory strains like Columbia and Ler are summer-annuals) and winter-annual strains. Summer-annual strains germinate in early spring to flower and set fruit in summer and then spend the cold part of the year as dormant seeds. In contrast, winter-annuals accessions germinate in fall, stand the winter in a vegetative state and initiate their reproductive phase in the spring. Genetic analyses in Arabidopsis has shown that the winter-annual habit in many Arabidopsis accessions requires dominant alleles at two loci, FLOWERING LOCUS C (FLC ) and FRIGIDA (FRI ) (Lee et al., 1993; Clarke and Dean, 1994; Koornneef, et al., 1994) . FLC encodes a MADS-box transcription factor which functions as a flowering repressor (Michaels and Amasino, 1999; Sheldon et al., 2000) whose expression level negatively correlates with flowering time. Dominant alleles at FRI enhance the expression of FLC whereas vernalization overcomes the effect of FRI and represses FLC expression proportionally to the duration of the cold treatment. This 'vernalized' estate is mitotically stable when plants return to warmer growing conditions during the rest of their life (Michaels and Amasino, 1999; Sheldon et al., 2000) . Genetic analyses have shown that FLC represses flowering by repressing the transcriptional expression of the flowering signal integrators FT and SOC1 . For SOC1, this FLC mediated repression has been shown to require a MADS-box binding site in its promoter region (Hepworth et al., 2002) . Naturally occurring weak alleles of FLC are altered in their transcriptional regulation, being FLC first intron a key region in the regulation of its expression . A well known low expression allele, the FLC -Ler, results from the insertion of a transposable element within this first FLC intron (Michaels et al., 2003) .
Although FLC is the major gene responsible for the generation of the vernalization requirement, flc-3 null mutants still maintain certain response to vernalization, specially under SD conditions, ). This indicates that other genes also contribute to the vernalization requirement. In fact, five additional FLC homologous genes have been found in the Arabidopsis genome and named as MADS AFFECTING FLOW-ERING (MAF1-5 ) (Ratcliffe et al., 2001; Ratcliffe et al., 2003) . When these genes are over expressed in transgenic plants, all but MAF5 produce a delay of flowering similar to FLC overexpression (Ratcliffe et al., 2001; Ratcliffe et al., 2003) , suggesting that they could also function as flowering repressors (Scortecci et al., 2001; Ratcliffe et al., 2003) . In contrast with the other MAF genes, expression of MAF5 increases with vernalization treatment suggesting an opposite role to FLC on the vernalization response (Ratcliffe et al., 2003) . In addition, MAF2 shows reduction in its expression only under very prolonged vernalization (Scortecci et al., 2001; Ratcliffe et al., 2003) , suggesting that it could generate a requirement for long vernalization periods.
The correlation between the level of FLC expression and flowering time and the drastic effect of vernalization in the suppression of FLC expression indicate that FLC is a key point in the regulation of flowering time by vernalization. Furthermore, multiple mutant analyses of flowering time have identified genes involved in the positive or negative regulation of FLC. In the next sections we will describe the information available on the positive and negative regulation of FLC expression.
Positive regulation of FLC
Natural functional alleles of FRIGIDA are major enhancers of FLC expression, since their late flowering effects are suppressed by lesions in FLC (Michaels and Amasino, 1999) . FRI, encodes a protein of unknown molecular function (Johanson et al., 2000) and many of the recessive fri alleles present in summer-annual Arabidopsis strains correspond to loss of function alleles involving protein structure alteration (Johanson et al., 2000) . There are six FRI homologues in the Arabidopsis genome, one of them, FRIGIDA LIKE1 (FRL1 ) being required for FRI -mediated activation of FLC and vice versa (Michaels et al., 2004) . Interestingly, another FRI homologue has a histone binding domain, suggesting that FRI -like genes might activate FLC expression through chromatin modification.
Several screens for mutations that convert winter-annual, FRI -containing lines, into early flowering plants, have led to the identification of additional positive regulators of FLC expression (Zhang and Van Nocker, 2002; Zhang et al., 2003; Noh and Amasino, 2003; He et al., 2004a) . Many of these genes have been molecularly characterized and found to encode Arabidopsis homologues of subunits of the yeast PAF1 complex. This complex is involved in the establishment and maintenance of transcription promotive chromatin modifications and is thought to recruits SET1 (a H3-K4 methyltransferase) to the 5' end of target genes (Krogan et al., 2003; Ng et al., 2003) . Methylation of lysine 4 in histone 3 is a tag of actively transcribed genes in yeast (SantosRosa et al., 2002) . The yeast PAF1 complex consists of PAF1, CTR9, LEO1, CDC73 and RTF1 proteins. In Arabidopsis, genes like VERNALIZATION INDEPENDENCE4 (VIP4), VIP6 /EARLY FLOWERING8 (ELF8 ) and VIP5 encode the homologues of LEO1 , RTF1 and CTR9, respectively (Oh et al., 2004; He et al., 2004a) . Another member of this complex, EARLY FLOWERING7 (ELF7 ) encodes the homologue of yeast PAF1, the RNA polymerase II associated factor. Mutations in these genes suppress FLC expression not only in winter annuals but also in autonomous-pathway late flowering mutants (see below) indicating that the Arabidopsis PAF1 complex is generally required to achieve high levels of FLC expression (He et al., 2004a) . The high expression level of FLC in winter annuals and autonomous late flowering mutants is related to an increase in H3-K4 trimethylation in FLC chromatin around the transcription start site, the first exon and the 5' portion of the first intron (He et al., 2004a) . MAF genes are also targets of the PAF1 complex and expression of FLM and MAF2 is reduced in vip5, vip6/elf8 and elf7 mutants (Oh et al., 2004; He et al., 2004a) .
The Arabidopsis homologue of SET1, the yeast H3-K4 Figure 5 ).
Negative regulation of FLC
Summer-annual Arabidopsis genotypes flower rapidly because often carry putative null fri alleles and FLC is also repressed by the autonomous pathway (Michaels and Amasino, 1999) . This pathway is not linear but genes can be grouped in two different epistatic groups defined by genetic analyses (Koornneef et al., 1991) , the FY and FCA (Macknight et al., 1997) group and the FPA (Schomburg et al., 2000) and FVE (Ausin et al., 2004) one. Three other loci, LUMINIDEPENDENS (LD ) (Lee et al., 1994) , FLOWERING LOCUS D (FLD ) (He et al.,2003) and FLOWERING LOCUS K (FLK ) (Lim et al., 2004 , Mockler et al., 2004 have not been included in any of these groups.
FVE and FLD encode proteins with similarity to components of the mammalian histone deacetylase complex (HDAC). FVE encodes a retinoblastoma associated protein (RbAp) homologue (Ausin et al., 2004) . These proteins function as histone chaperons and have been found in different chromatin interacting complexes (Quian and Tyler et al.,1996 Ridgway y Almouzni, 2000 Rossi et al., 2003) . Interestingly, Arabidopsis fve mutants show increased levels of H3 and H4 acetylation at FLC chromatin suggesting a role of FVE in HDAC complexes (Ausin et al., 2004) . FLD encodes a homologue of the human KIAA0610: which is another component of mammalian HDACs (He et al., 2003) . In fact, fld mutants also show increased levels of histone acetylation in FLC chromatin (He et al., 2003) , together with higher H3-K4 methylation (He et al., 2004a) . Thus, both FVE and FLD repress FLC expression by a mechanism of histone deacetylation, although it is not known whether they participate in the same type of HDAC complex ( Figure 5 ). Mutations at the FCA and FY genes do not alter FLC histone acetylation and these genes could regulate FLC expression through a different mechanism (He et al., 2003; Ausin et al., 2004) . The molecular structure of FCA and FY suggest that they could regulate FLC expression at posttranscriptional levels. Indeed, FCA encodes a protein with two RNA binding domains and a WW protein interaction motif (Macknight et al., 1997) , whereas FY protein shares similarity to components of RNA 3' end processing complexes of yeast . In addition, it has been shown that both proteins interact physically in vitro and this interaction is required for the correct processing of FCA mRNA and for the regulation of FLC expression (Figure 5 ). Whether FLC pre-mRNA is targeted by the FCA/FY complex is not known yet. Other genes in the pathway like FLK and FPA encode putative RNA-binding proteins (Schomburg et al., 2001; Lim et al., 2004; Mockler et al., 2004) , whereas LD encodes a homeodomain protein (Lee et al., 1994) . Their molecular function in the repression of FLC expression remains unknown.
Molecular mechanism of vernalization
The mitotic stability of the vernalized state is characteristic of an epigenetic regulation. Epigenetic silencing of genes is mediated by covalent modifications of chromatin elements, including DNA methylation and histone deacetylation and methylation (Bird, 2002) . Although, the study of epigenetic mechanisms of FLC regulation was initially focused on the role of DNA methylation, the effects of DNA demethylation on flowering time are contradictory (Ronemus et al., 1996; Finnegan et al., 1996) and independent of the vernalization effect (Genger et al., 2003) . Recently, the role of histone modification in this process has been demonstrated since vernalization increases methylation of H3K9 and H3K27 in specific regions within the FLC locus . In animals, such histone modifications are characteristic of silenced chromatin states because they promote the recruitment of HETEROCHROMATIN PROTEIN1 (HP1) and the formation of stable heterochromatin (Kuzmichev et al., 2002) . Thus, these modifications would convert active FLC chromatin into a heterochromatin-like state Sung and Amasino 2004) (Figure 5) . A similar suppression of FLC expression has also been proposed to take place in the case of the natural partially silenced FLC allele. In this case, the presence of a DNA methylated transposable element in the FLC intron 1 causes localized H3K9 histone methylation in the surrounding FLC chromatin, which correlates with reduction of its mRNA expression (Liu et al., 2004) .
To identify the genetic components of the vernalization pathway, several mutant screenings where carried out in genetic backgrounds with elevated FLC expression. Thus, mutants that specifically fail to repress FLC expression and lack the early flowering phenotype caused by vernalization treatments were isolated (Chandler et al., 1996; Sung and Amasino, 2004) . Mutants at the VERNALIZATION INDEPENDENT3 (VIN3 ) gene are affected in the establishment of the vernalized estate of FLC since FLC mRNA levels were higher in vin3 than in wild type plants after a vernalization treatment. Interestingly, vin3 mutants do not display any of the histone modifications observed in FLC chromatin after vernalization, suggesting that VIN3 is involved in a crucial early step for those modifications (Sung and Amasino, 2004) . VIN3 encodes a PHD-finger containing protein and its expression increases proportionally with the length of cold treatment, suggesting that it could be involved in the measurement of cold treatment (Sung and Amasino, 2004) . How VIN3 is regulated by long-term cold exposure or factors functioning upstream of VIN3 remains unknown, but it would be of great interest to identify such factor/s that perceive long-term cold exposure signals and trigger the vernalization response.
Mutants in the VERNALIZATION1 (VRN1 ) and VERNALIZA-TION2 (VRN2 ) genes are blocked in their vernalization response because they are unable to maintain the vernalized state (Levy et al., 2002; Bastow et al., 2004) . FLC expression in these mutants is strongly reduced at the end of the vernalization treatment but increases again several days after transferring the vernalized plants to warm growing conditions . In these mutants vernalization induced downregulation of FLC correlates with histone H3 deacetylation of FLC chromatin. However such deacetylation is not maintained when plants are transferred to warm growing conditions. In addition, vrn1 mutants show H3 methylation at K27 but not at K9 whereas vrn2 H3 do not show methylation at any of those lysines Sung and Amasino, 2004) . Together, these results suggest that VIN3 could function in the establishment of the vernalized estate of FLC by histone H3 deacetylation, whereas VRN1 and VRN2 would be required to maintain this vernalized estate through methylation of H3K9 (VRN2) and H3K27 ( Figure 5 ). In Arabidopsis, histone methylation can lead to DNA methylation and subsequent gene silencing (Jackson et al., 2002) , so a tantalizing idea is that FLC could be heavily methylated during the vernalization process. However differences in the FLC DNA methylation between vernalized and non-vernalized plants have never been found (Finnegan et al., 2004) .
Vernalization mechanisms in other plant species
Similarly to what has been described for Arabidopsis, FLC orthologues seem to be flowering repressors in Brassica species (Sheldon et al., 2000; Schranz et al., 2002) and the main effects of vernalization on flowering time are also mediated through downregulation of FLC (Sheldon et al., 2000) . FLC orthologues have not been found in the genome of rice, although this species does not show a vernalization requirement. In wheat, barley and other temperate grasses, the two major loci generating the vernalization requirement, VRN1 and VRN2 (not related to the Arabidopsis VRN1 and VRN2 ) show epistatic interactions and seem to be part of the same regulatory pathway (Tranquilli et al., 2000) . Dominant alleles at VRN1 are responsible for spring growth habit while recessive alleles at this locus generate a winter habit and vernalization requirement. In contrast, functional alleles at VRN2 generate a winter growth habit. Recently, the corresponding wheat genes have been isolated and none of them encodes an FLC homologue. VRN1 encodes an Arabidopsis APETALA1 (AP1 ) homologue that, contrary to the role of FLC, functions as a floral inducer rather than repressor. Vernalization treatments are required to increase the levels of VRN1 expression (Yan et al., 2003) . VRN2 encodes a CCT domain and a zincfinger containing protein termed ZCCT1. A homologous gene is absent in Arabidopsis and ZCCT1 appears to be specific of grass species. Analogously to FLC, VRN2 functions as a flowering repressor and its mRNA expression decreases during cold exposure. Genetic variation at VRN1 and VRN2 could explain the growth habit of most cultivated spring wheat accessions (Yan et al., 2004) . Nothing is known yet about the molecular mechanisms responsible for the generation and maintenance of the vernalized state in grasses. However, the similarities of the response with Arabidopsis suggest the involvement of epigenetic mechanisms.
In contrast to the observed conservation of the mechanisms for the photoperiod regulation of flowering across different plant taxa such as monocots and dicots, current evidence on the vernalization mechanisms suggest the recruitment of distinct gene sets for generation of vernalization requirements in different plant families. Temperate grasses have their origin in subtropical grasses which likely had no vernalization requirement. Thus Arabidopsis and grasses have independently developed distinct vernalization pathways recruiting different genes for analogous function (FLC/ ZCCT), or homologous genes for different functions (AP1/VRN1).
Effect of ambient temperature
Ambient temperature significantly influences the flowering time of plants. Wild type Arabidopsis strains flower earlier at 23ºC than at 16ºC (Blázquez et al., 2003) . Whether this is a general effect related to the temperature sensitivity of specific chemical reactions or there is a specific pathway to sense and react to ambient temperature in plants is still unknown. Interestingly, the flowering repression caused by low ambient temperatures seems to be independent of the repression produced by several photoreceptors in Arabidopsis (Halliday et al., 2003) . In this way the early flowering phenotype of phyB mutants under standard temperatures is suppressed at 16ºC, suggesting the existence of a flowering repression mechanism not affected by phyB mutations (Halliday et al., 2003) . This mechanism also blocks the function of phytochromes PHYA and PHYD since phyA phyB phyD triple mutants that are earlier than phyB mutants at 22º C do not show phenotypic differences when compared at 16ºC (Halliday et al., 2003) . At this temperature, only PhyE seems to have a non redundant function because quadruple mutants phyA phyB phyD phyE flower earlier than phyA phyB phyD triple mutants (Halliday et al., 2003) . The low temperature suppression of PHYA function could also explain the extremely temperature sensitive phenotype displayed by fha-1 mutants (an allele of CRY2 ). At 23ºC fha-1 mutants are late flowering but they show an extreme delay in flowering time at 16ºC (Blázquez et al., 2003) . Since PHYA and CRY2 function redundantly at 23ºC to promote flowering, fha-1/cry2 mutants are only slightly delayed. However, at 16ºC, the lack of function of PHYA, makes fha-1 mutants to show a phenotype as extreme as the double phyA,fha-1 mutants (Blazquez et al., 2003) . The effect of ambient temperature on flowering time, like the effects of photoreceptor mutations, are mediated at the level of transcriptional regulation of FT, since there is a correlation between FT mRNA levels and flowering time in all phytochrome single and multiple mutant combinations at 16ºC or 23ºC. These effects were not observed on the expression of other floral integrators such as SOC1 or FLC (Halliday et al., 2003) . Although phytochrome sensitivity to ambient temperature has been suggested as responsible for the ambient temperature effects on phytochrome mutants the results can also be explained by a temperature dependent repression mechanism preventing A putative FRI-FRL1 complex activates FLC expression by an unknown mechanism, while ELF7, VIP3, VIP4, VIP5 and VIP6 could be part of the same complex activating FLC through H3-K4 methylation which could be performed by the SET domain containing protein EFS. After H3-K4 methylation the yeast ISWI homologue PIE, would recognize methylated H3-K4 and facilitate FLC chromatin accessibility. The right panel shows the possible mechanism of FLC repression carried out by the vernalization pathway. First VIN3 together with a HDAC and a DNA recognition protein will deacetylate specific regions of FLC chromatin. Thereafter a protein complex including VRN1, VRN2 and a metyltransferase activity (E[z] type) might cause H3-K9 and H3-K27 methylation. This chromatin conformation could be recognized by LIKE HETEROCHROMATIN PROTEIN1 (LHP1) to stably repress FLC expression. Light green A box depicts acetyl groups, dark green M box depicts methyl groups in H3-K4 position and blue M box represent methyl groups in H3-K9 or H3-K27 position the effects caused by phytochrome mutations.
The effect of ambient temperature on flowering time has also been analyzed in late flowering mutants of Arabidopsis. Most mutants show a similar behavior as wild type plants with low temperatures causing an additional delay in their flowering time. However fve and fca mutants of the autonomous pathway show little difference in flowering time at 16ºC or 23ºC. Based on these results, FVE and FCA have been proposed to function in a pathway that mediates ambient temperature response (Blázquez et al., 2003) . It is possible that the effect of fve and fca mutations on the response to ambient temperature could be mediated by FLC, a clear target of these genes. Consistent with this hypothesis FLC shows increased mRNA levels with moderate temperature decreases (Blázquez et al., 2003) . However, these observed increases were rather small and might be irrelevant in mutant backgrounds such as fve and fca with constitutive high FLC levels. Moreover, fve mutations also block the delay in flowering time caused by intermittent cold treatments (2-5 h at 4ºC) that seems to be mediated by FLC . FLC represses FT expression and could suppress any temperature effect of the light quality pathway on the expression of this flowering signals integrator (Figure 1 ). The fact that flc null mutants still show a flowering time delayed when exposed to low ambient temperatures (Blázquez et al., 2003) indicates that other genes besides FLC could participate in this response, other MAF genes being good candidates.
Molecular mechanisms in the temperature regulation of flowering time
Flowering responses to low temperatures can take place in the short and long terms and transcriptional regulation of FLC could be involved in both of them. In the short term, FLC transcript levels increase as a response to intermittent exposures to low temperatures correlating with a flowering delay. This role of FLC in short term temperature responses would delay flowering in cold spring and could explain why all summer annual accessions caused by mutations at FLC carry partially but not fully silenced alleles. Furthermore, the suppression of these temperature effects by fve mutations suggests that they are also mediated by histone acetylation changes in FLC chromatin. In long term temperature responses, histone methylation seems to be the mechanism to generate active or inactive FLC chromatin states and similar regulatory mechanisms on other MAF genes, such as MAF2, could contribute to create long term responses to longer low temperature exposures. Similar mechanisms could be the basis of vernalization response in other plant species as well as of other long term plant responses to environment. For sessile organisms like plants, epigenetic mechanisms provide an efficient tool to adapt the genotype to specific long term seasonal changes in environmental conditions. Participation of FLC in short term temperature responses has only been investigated in summer annual strains and it could be interesting to confirm this role in winter annuals. In these strains, the FLC states of active expression derived from H3-K4 trimethylation or suppression as a result of vernalization and H3-K9 and H3-K27 methylation could hardly allow additional fluctuations in its expression. However, even in vernalized winter annual, there is a basal level of FLC that could be involved in short term low temperatures responses, either because a basal expression is maintained in all cells or because the efficiency of transcriptional suppression is depending on cell type. In this way, vernalized winter annuals could still use FLC to integrate short term low temperature responses during the spring. Additionally, other elements and other molecular mechanisms could also contribute to these short term flowering responses to temperature.
IV. Other environmental factors affecting floral transition
Flowering time is also affected by many other environmental factors such as mineral nutrition and different biotic and abiotic stresses, although the regulatory pathways involved are poorly understood. In general, Arabidopsis plants grown under low mineral nutrition tend to flower later (Pigliucci et al., 1995) . Consistently with this observation, mutations at CHL1, likely affecting nitrate uptake from the soil and import into nascent organs (including floral organs), cause late flowering (Guo et al., 2001) .
Plants exposed to unfavorable environmental conditions can trigger flowering prematurely as a response to obtain reproductive success. Different types of stress promote the synthesis of secondary messengers such as salicylic acid (SA) and nitric oxide (NO) involved in defense responses. In Arabidopsis SA is present at very low basal concentrations but greatly increases with pathogen infection and UV-C irradiation. UV-C irradiation causes an acceleration of flowering time that is SA-dependent and correlates with an increase of FT expression (Martínez et al., 2004) . Consistently with a role of SA as an elicitor of the flowering response, sid1 and sid2 mutants (unable to synthesize SA) and transgenic nahG plants (unable to accumulate SA) flower later than their respective wild type strains under any photoperiod tested (Martínez et al., 2004) . Late flowering of SA mutants correlates with increased levels of FLC and decreased levels of FT and SOC1, independently of photoperiod (Martínez et al., 2004) . NO is also produced as a response to biotic and abiotic stimuli such as salt stress and pathogen infection (Lamattina et al., 2003) . Exogenous NO treatments delay flowering and this delay correlates with elevated levels of FLC expression and a decrease in CO expression. Consistent with those observations, nox1, a mutant that overproduces NO, displays a late flowering phenotype and nos1, a mutant with reduced levels of NO, is early flowering. The late flowering phenotype of nox1 mutant seems to be caused by elevated levels of FLC and a decrease in CO, mainly during the night. Moreover, nos1 early flowering correlates with reduced FLC transcript levels and elevated CO expression (He et al., 2004b) .
Water imposes a strong selective pressure and influences almost all aspects of plant biology. Both water deficiency (drought) and water excess (flooding) cause stress to plants that in the case of flooding is due to anoxic conditions in the root. In Arabidopsis, different drought and flooding treatments do not seem to cause a significant effect on flowering time in different wild genotypes (Pigliucci et al., 1995; Pigliucci and Kolodynska, 2002) . However, Arabidopsis displays two genetic strategies to avoid water stress that seem correlated with flowering time: dehydration avoidance and drought escape (flowering acceleration). Thus, ecotypes flowering later tend to have a better water use efficiency. Interestingly, introgression lines of FRI and /or FLC in Ler background, apart from their lateness, showed an increased water use efficiency compared to Ler suggesting pleiotropic effects for the FRI and FLC active alleles (McKay et al., 2003) .
Finally, even continuous or repetitive touch or wind provokes changes in plant development. These mechanically-induced developmental changes are known as thigmomorphogenesis (Ennos, 1997) . Effects on flowering time are part of the responses to wind and Arabidopsis plants exposed to daily wind treatments flower later than untreated controls (Johnson et al., 1998) . Whether these effects function through the already described regulatory pathways or not, remains to be shown.
V. Conclusions and future prospects
The genetic analysis of flowering time in Arabidopsis has been very efficient in the identification of the genes involved in the regulation of this complex developmental process. Research is now focused on the understanding of the molecular mechanisms involved. Judging from the complexity observed within the different environmental signaling mechanisms, the different scale plant responses to distinct signals as well as the variation in the regulatory responses uncovered in different plant species we are far from understanding the process at the molecular level. In spite of this, common elements as well as specific ones can be observed for different aspects of the flowering response.
In this way, different flowering regulatory pathways seem to share several interaction domains not only at the level of integrator genes, but at the levels of signal perception as well as circadian regulation. Several types of photoreceptors participate in different pathways affecting flowering time such as the photoperiod pathway, the light quality pathway or the GA pathway. Furthermore, the circadian clock is not only entrained by light signals but also by temperature signals and some components of a putative entraining mechanism have been recently identified (Salome and McClung, 2005) . More complex experimental designs are required to understand the specific function of every molecular component in these interactive networks and new models need to be developed that incorporate spatial information, since different interactions can take place in different cell types.
Plant flowering responses in the short term and long term ranges share transcriptional regulation as a basic molecular response mechanism. However, in short term responses, transcriptional regulation is found frequently coupled with post-transcriptional regulation of protein stability to generate rapid changes of protein abundance and activity. Mechanisms based in the regulation of protein stability could be widely used in plants to respond to rapid changing environment conditions. Indeed, approximately 5% of the Arabidopsis genes encode proteins predicted to be involved in the ubiquitine-proteasome system and regulation of protein degradation by ubiquitination is relevant in many plant processes (Hellmann and Estelle, 2002) . For longterm responses such as the generation of the vernalization requirement or the vernalized state, Arabidopsis uses epigenetic modifications of chromatin similar to those described in mammals and Drosophila. These mechanisms confer mitotically heritable changes that are reversed at meiosis and are crucial for the environmental adaptation of the plant plastic development. Interestingly, many of these plants chromatin modifications are environmentally regulated providing a mechanism for long term modulation of plant development by the environment. In this context, one relevant question is whether plants use more intensively particular mechanisms for the environmental regulation of gene expression or they have developed new regulatory mechanisms in some cases. In addition, the role of different mechanisms of post-translational protein modification is still to be described in the regulation of short term flowering responses and they could be more intensively used in plants than in mobile organisms.
Finally, comparison of flowering regulatory mechanisms in different species points out the conservation of the molecular mechanisms regulating flowering responses to environmental conditions in different plant taxa. The extent of conservation will likely depend on the distribution of the environmental factor as well as the evolutionary history of the taxa considered. In this way, circadian regulation as well as responses to photoperiod are expected to use conserved mechanisms in quite divergent plant taxa. Indeed, this is the case for the central photoperiod pathway of flowering time regulation, which seems to be conserved among monocot and dicots suggesting that its origin predated the divergence of those major groups of angiosperms and it could be widely distributed in different plant families. However, different species still show specific features to discern the light preference and specific pathways such as that mediated by Hde1 in rice (Doi et al., 2004) . On the other side, when adaptation to a given environmental factor takes place independently in different taxa, it might be expected that different genes and mechanisms could have been recruited. This seems to be the case for the vernalization response, given the differences found between monocot and dicot species, which could have independently evolved different strategies to sense and respond to seasonal temperature variation. Apart from these basic questions on how photoperiodic or temperature flowering responses have been generated in different plant taxa, many specific questions on specific adaptations to particular flowering stimuli remain to be answered. Fortunately, the wealth of information generated in a number of plant model species and the strength of high throuput technologies now provide the tools to address those questions.
